Rat were immunized with mouse mammary epithelial cells and monoclonal antibodies (MAbs) were obtained to identify antigens stably expressed on the surface of both normal and neoplastic mammary epithelial cells of the mouse. Examination of the reactivities of the MAbs by immunofluorescence staining of tissue sections showed that one of the antibodies, MAb 2A2, reacted with luminal epithelium of the mammary gland and spontaneous mammary carcinomas of SHN mice. Further examination of the tissue lysates by western blot analysis revealed that MAb 2A2 reacts with a 17-kDa antigen expressed in normal mammary epithelial cells and mammary carcinoma cells. The antigen recognized by MAb 2A2 was absent in the lysates of liver, lung, salivary gland, kidney, small intestine, ovary and uterus. After immunoaffinity purification of the MAb 2A2-recognized antigen and determination of its N-terminal amino acid sequence, we identified the antigen as Ly-6D, also known as ThB, which belongs to a family of glycosyl-phosphatidylinositol-anchored cell surface proteins. Northern blot analysis further demonstrated that Ly-6D mRNA is expressed in the mammary gland. Based on these observations we concluded that Ly-6D is stably expressed on the surface of both normal and neoplastic mammary epithelial cells of the mouse. Ly-6D will serve as a useful epithelial cell surface marker for the study of mammary gland development, as well as for breast cancer research.
The mammary gland consists of different types of cells including ductal and alveolar epithelial cells lining the lumen of the mammary tree, myoepithelial cells surrounding these luminal epithelial cells, and fat and other stromal cells constituting the mammary stroma. Monoclonal antibodies (MAbs) have been extensively used to identify these different types of cells. [1] [2] [3] [4] MAbs have also been used for the classification of breast cancer cells and for the detection of serum and tissue markers for diagnosis of breast cancer. [3] [4] [5] Of particular importance is the use of MAbs against cell surface antigens for the antibody immunotherapy of breast cancer. 6, 7) Antigens expressed on breast cancer cells, i.e., breast cancer-associated cell surface antigens, are likely to be the targets for the antibody immunotherapy. To date, a number of MAbs against various breast cancer-associated cell surface antigens have been developed and their antitumor effects have been evaluated in clinical studies. Among these are MAbs against HER2, EGF receptor and MUC-1. [6] [7] [8] [9] The antigens recognized by these MAbs are expressed to varying degrees in different breast cancers. For example, HER2 has been reported to be overexpressed in 25 to 30% of breast cancers. 10) At present, only those antigens overexpressed in particular breast cancers are considered to be the target for antibody immunotherapy. Thus, to select the most effective MAbs for the antibody immunotherapy of a particular breast cancer, more breast cancer-associated surface antigens, preferably breast cancer-specific antigens or mammary epithelium-specific antigens, must be identified.
In this study, our objective was to find new antigens which are expressed stably on the surface of breast cancer cells. As a first step toward this end, we raised MAbs against normal mammary epithelial cells of the mouse and analyzed the target antigens of the obtained MAbs. Here, we report the identification of one of the antigens stably expressed on the surface of both normal and neoplastic mammary epithelial cells of the mouse.
MATERIALS AND METHODS
Animals BALB/c mice, C57BL/6 mice and Wistar rats were purchased from Charles River Japan (Kanagawa). SHN mice 11) kindly provided by Dr. H. Nagasawa, Faculty of Agriculture, Meiji University, and Dr. T. Mori, Department of Biological Sciences, University of Tokyo, were maintained in our laboratory. Isolation and culture of mammary epithelial cells Mammary epithelial cells used for immunization were obtained by digesting the mammary gland of 10-week-old virgin female BALB/c mice with 0.05% collagenase (type I, 260 U/mg; Sigma, St. Louis, MO) in Hanks' solution for 2 h at 37°C. The resulting epithelial cell clumps were collected by centrifugation, pipetted to remove the stroma, and finally suspended in Hanks' solution.
Mammary epithelial cells used for cell culture were isolated as described previously. 12, 13) The cells were suspended in Dulbecco's modified Eagle's medium (DMEM; Nissui, Tokyo) containing 10% fetal bovine serum (FBS; GIBCO BRL, Grand Island, NY), 100 U/ml of penicillin (Sigma) and 100 µg/ml of streptomycin (Sigma). One milliliter of the cell suspension containing 2.5×10 5 cells was placed in each of the 2.2-cm wells (12-well microplate; Iwaki Glass, Chiba) which contained a glass coverslip. The cells were cultured at 37°C in a humidified 5% CO 2 / 95% air incubator. Production of MAbs MAbs were obtained by a modification of the rat lymph node method. 14, 15) Prior to the immunization, 100 µl of an emulsion, made by mixing 8 volumes of Freund's complete adjuvant (DIFCO, Detroit, MI) and 5 volumes of water, was injected into each of the hind leg footpads of 14-week-old female Wistar rats to augment the immunological response. 16) On the next day, 1.5×10
6 mammary epithelial cells in 50 µl of Hanks' solution were injected into each of the footpads. This immunization was repeated on the next day, 6 days later and 27 days later. Seven days after the last injection, iliac lymph nodes were removed and the lymph node cells were fused with the mouse myeloma cells, Sp2/0-Ag14, 17) using 50% polyethylene glycol 4000 (Nacalai Tesque, Kyoto). Hybridomas were selected in an HAT medium consisting of GIT medium (Wako Pure Chemical, Osaka) supplemented with 10% FBS, 10% BM-condimed H1 (Boehringer Mannheim, Mannheim, Germany), 1% MEM non-essential amino acids (COSMO BIO, Tokyo), 1× HAT-media supplement (100 µM hypoxanthine, 0.4 µM aminopterin, 16 µM thymidine; Boehringer Mannheim), 100 U/ml penicillin and 100 µg/ml streptomycin. Immunoglobulin was purified from the culture supernatant of hybridoma on a "HiTrap" Protein G column (Amersham Pharmacia Biotech, Buckinghamshire, UK). The immunoglobulin class/ subclass was determined using a monoclonal antibody typing kit (The Binding Site, Birmingham, UK). Immunofluorescence staining Fragments of the second thoracic mammary gland and the submaxillary salivary gland of female BALB/c mice were placed in O.C.T. compound (Miles, Inc., Elkhart, IN) and quickly frozen in liquid nitrogen. The frozen tissues were cut into 6-µm sections, fixed with 10% formalin in phosphate-buffered saline (PBS), pre-incubated with 10% normal goat serum (Vector Laboratories, Burlingame, CA) and subsequently incubated with 80 µl of either the hybridoma culture supernatant or MAb 2A2 (0.25 µg/ml of purified IgG in PBS) for 4 h at room temperature or overnight at 4°C. The sections incubated with normal rat IgG (0.25 µg/ml, ZYMED, South San Francisco, CA) served as negative controls. The sections were then incubated with fluorescein isothiocyanate (FITC)-conjugated goat anti-rat IgG (1:200 dilution in PBS; American Qualex, San Clemente, CA) for 2 h at room temperature. Cell nuclei were stained with 4,6-diamidino-2-phenylindole dihydrochloride (DAPI, 0.5 µg/ml in PBS; Sigma).
Myoepithelial cells were stained with mouse anti-α-smooth muscle actin MAb (5 µg IgG/ml; Clone 1A4, Sigma) and subsequently with FITC-conjugated rabbit anti-mouse IgG (1:400 dilution in PBS; MBL, Nagoya). Normal mouse IgG (5 µg/ml; Intercell Technologies, Hopewell, NJ) was used as a negative control.
Mammary epithelial cells cultured on coverslips were first fixed with 10% formalin, then blocked with 10% normal goat serum, incubated with MAb 2A2 and subsequently with FITC-conjugated goat anti-rat IgG. Alternatively, the live mammary epithelial cells were first blocked with 10% normal goat serum, then incubated with MAb 2A2, fixed with 10% formalin and subsequently incubated with FITC-conjugated goat anti-rat IgG. Western blot analysis Total cell lysates obtained by homogenizing the tissues in a sodium dodecylsulfate (SDS) buffer (2.3% SDS, 63 mM Tris-HCl, pH 6.8) were run on 13.5% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) under non-reducing conditions. After electrophoresis, proteins were transferred onto a nitrocellulose filter (Hybond ECL, Amersham Pharmacia Biotech) using a semi-dry blotting apparatus. The filter was then soaked in a blocking buffer (PBS containing 0.1% Tween 20 and 2% bovine serum albumin) overnight at 4°C, incubated with MAb 2A2 (3.3 µg/ml) for 1 h at room temperature, and finally incubated with horseradish peroxidase-conjugated sheep anti-rat Ig (1:1000 dilution in PBS containing 0.1% Tween 20; F(ab′) 2 fragment, Amersham Pharmacia Biotech) for 1 h at room temperature. An enhanced chemiluminescence detection system ("SuperSignal" West Pico Chemiluminescent Substrate, Pierce, Rockford, IL) was used to detect the signals on an X-ray film (Hyperfilm ECL; Amersham Pharmacia Biotech). Rainbow markers (Amersham Pharmacia Biotech) were used as size markers. Purification of MAb 2A2-reactive antigen Spontaneous mammary carcinomas of female SHN mice were homogenized in 2 volumes of a lysis buffer [0.5% Triton X-100, 10 mM Tris-HCl (pH 7.5), 5 mM EDTA, 50 mM NaCl, 30 mM sodium pyrophosphate, 50 mM sodium fluoride, 1 mM (p-amidinophenyl)methanesulfonyl fluoride hydrochloride (p-APMSF, Wako Pure Chemical), 5 µg/ml aprotinin (Wako Pure Chemical), 1 µg/ml pepstatin (Sigma), 2 µg/ml leupeptin (Nacalai Tesque)] and centrifuged at 20 000g for 20 min at 4°C. The pellet was quickly frozen in liquid nitrogen and stored at −80°C until use. The frozen material derived from a total of 85 g of mammary carcinomas was thawed and homogenized in 2 volumes of a modified SDS-free RIPA buffer 18) [1% NP-40 (Calbiochem, La Jolla, CA), 0.25% deoxycholic acid (Sigma), 50 mM TrisHCl (pH 7.4), 1 mM ethyleneglycol-bis-(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA), 150 mM NaCl, 10 mM sodium fluoride, 1 mM p-APMSF, 2.5 µg/ml aprotinin, 0.5 µg/ml pepstatin and 1 µg/ml leupeptin]. After centrifugaton of the homogenate at 20 000g for 20 min at 4°C, the MAb 2A2-reactive antigen was isolated from the supernatant by immunoabsorption as follows. The purified IgG of MAb 2A2 (150 µg of protein) was coupled to Protein G-conjugated agarose beads [400 µl (v/v), Protein G PLUS-AGAROSE, Calbiochem] by incubating in the SDS-free RIPA buffer for 10 min at room temperature and placed in a plastic column. The column was washed twice with the SDS-free RIPA buffer, the supernatant was placed on the column, and the column was washed with the SDSfree RIPA buffer. The immunoabsorbed material was then eluted with 260 µl of the SDS buffer, run on an SDS-PAGE gel under nonreducing conditions and transferred to a polyvinylidene difluoride (PVDF) membrane (TransBlot, Bio-Rad, Richmond, CA). After the transfer, the proteins on the membrane were stained with Ponceau-S. The stained protein of 17 kDa was excised and its N-terminal amino acid sequence was determined by a peptide sequencer (PSQ-1, Shimadzu, Kyoto). A portion of the eluted immunoabsorbed material was examined by silver staining (Ag-STAIN "DAIICHI," Daiichi Pure Chemicals, Tokyo). Northern blot analysis Total RNA was extracted from BALB/c mouse tissues by the acid guanidinium thiocyanate-phenol-chloroform method. 19) The RNA (22.5 µg) was 
RESULTS
Rat were immunized with epithelial cells freshly isolated from virgin mice to obtain MAbs which recognize antigens on the surface of mammary epithelial cells. The iliac lymph node cells of the immunized rats were then fused with mouse myeloma cells to obtain hybridomas. 14, 15) The hybridoma culture supernatants were screened by immunofluorescence methods for their differential reactivity with frozen sections of the salivary and mammary glands of the mouse. Out of 257 hybridoma culture supernatants screened, 198 reacted with the salivary gland, while 59 reacted only with mammary gland. Subsequent examination of these 59 mammary gland-positive supernatants for their reactivity with the mammary gland resulted in selection of 13 mammary epithelial cell-reactive MAbs. One of them, MAb 2A2 (Isotype: IgG2b) reacted with the periphery of the mammary epithelial cells present both at the terminal end of a mammary duct (Fig.  1A) and lining the lumen of a duct (Fig. 1D) . The fluorescence was seen as a continuous line or occasionally as discontinuous dots around the periphery of the epithelial cells. The blood vessels and the stroma of the mammary gland were negative for staining with MAb 2A2. That the staining is specific to the luminal epithelial cells was verified by the staining of myoepithelial cells with an antibody against α-smooth muscle actin. 20, 21) The myoepithelialspecific fluorescence was present solely in the cells basal to the luminal epithelial cells, and absent in the MAb 2A2-positive luminal epithelial cells lining the ducts (Fig. 1G) .
Mammary epithelial cells were cultured as monolayers and incubated with MAb 2A2 to examine whether MAb 2A2 binds to an antigen present on the outer surface of the cells. When live, unfixed cells were first incubated with MAb 2A2 and then fixed and incubated with FITC-conjugated secondary antiserum, fluorescence was seen as a uniform distribution of small dots on the epithelial cells ( Fig. 2A) . When the cells were first fixed with formalin and then incubated with MAb 2A2 followed by FITC-conjugated secondary antiserum, fluorescence was also seen, but it was localized around the periphery of the cells (Fig.   Fig. 2 . Immunofluorescence staining of mouse mammary epithelial cells in monolayer culture. Mammary epithelial cells isolated from the 11-week-old BALB/c female mouse mammary gland were cultured for 2 days as described in "Materials and Methods." The cultured live cells were first incubated either with MAb 2A2 (A) or with normal rat IgG (B), then fixed with formalin and stained with FITC-conjugated goat anti-rat IgG. Alternatively, the cultured cells were first fixed with formalin and then incubated either with MAb 2A2 (C) or with normal rat IgG (D), and stained with FITC-conjugated goat anti-rat IgG. The scale bar in D indicates 50 µm. We next examined whether the MAb 2A2-recognized antigen is also present on mammary carcinoma cells. After incubation of the frozen sections of spontaneous mammary carcinomas from SHN mice with MAb 2A2, a continuous line of immunofluorescence was seen around the periphery of the cancer cells (Fig. 3) , suggesting that the distribution of the MAb 2A2-recognized antigen is similar in normal and neoplastic mammary epithelial cells.
In western blot analysis, MAb 2A2 clearly recognized a band of approximately 17 kDa in the mammary epithelial cell lysate. This band was virtually absent in other tissues examined, including the salivary gland, small intestine, spleen, kidney, lung, liver, ovary, uterus, prostate and testis (Fig. 4) . As shown in Fig. 5 , the MAb 2A2-recognized 17-kDa antigen was also detectable in all of the six spontaneous mammary carcinomas from SHN mice. This suggests that the same antigen is stably expressed in both normal and neoplastic mammary epithelial cells. We purified the antigen from spontaneous mammary carcinomas of SHN mice by affinity chromatography on a column of MAb 2A2 followed by separation on SDS-PAGE to identify the MAb 2A2-recognized antigen (Fig. 6) . N-Terminal amino acid sequence analysis of the 17-kDa band showed that the sequence is LR?HV?TNSAN?KNPQV?PSNFY. Positions marked as "?" are probably cysteines, since no signals were detectable in these cycles of Edman degradation. A search on the SWISS-PROT database revealed that the amino acid sequence matched with that of Ly-6D, also called ThB, a 15-kDa glycosyl-phosphatidylinositol-(GPI-) anchored cell surface protein that is expressed in thymus, spleen and skin of the mouse. [22] [23] [24] [25] It has been reported previously that Ly-6D is expressed at a very low level in the spleen of BALB/c mice and at a relatively high level in the spleen of C57BL/6 mice, and at high levels in the skin of both strains. 23, 24) We compared the expression of the MAb 2A2-recognized antigen in BALB/c mice and C57BL/6 mice to confirm that the MAb 2A2-recognized antigen is identical to Ly-6D, and to re-examine our previous observations (see Fig. 4 ). As shown in Fig. 7 , the expression of the MAb 2A2-recognized antigen in the skin and mammary epithelial cells is high in both BALB/c and C57BL/6 mice. In contrast, its expression in the spleen is relatively low in C57BL/6 mice and extremely low in BALB/c mice, in accordance with the previous reports. 23, 24) The isolation and sequencing of the MAb 2A2-reactive antigen and western blot analysis indicated that MAb 2A2 recognizes the surface antigen Ly-6D. Since the expression of Ly-6D mRNA in the mammary gland has not been reported, we next examined by northern blot analysis the Ly-6D mRNA expression in various mouse tissues including the mammary gland. As shown in Fig. 8 , Ly-6D was highly expressed in the ear and bladder, with an intermediate level of expression in the thymus and the mammary gland. A low level of mRNA was detectable in the spleen. The Ly-6D expression was undetectable in the brain, lung, heart, liver, small intestine, kidney, striated muscle, ovary and uterus. Based on these observations, we conclude that the MAb 2A2-recognized antigen is identical to Ly-6D, and is expressed in both normal and neoplastic mammary epithelial cells of the mouse.
DISCUSSION
Our observations indicate that Ly-6D is expressed on the surface of normal and neoplastic mammary epithelial cells of the mouse. Ly-6D, also called mouse thymocyte B cell antigen (ThB), belongs to the murine Ly-6 antigen family. 26, 27) The Ly-6 family antigens are all membrane- . The RNA (22.5 µg) was run on a 1.2% formaldehyde/agarose gel, blotted onto a nylon membrane, hybridized with a 32 P-labeled Ly-6D probe and exposed to an Xray film (A). Ethidium bromide-stained gels are shown in B.
bound proteins expressed on the surface of lymphocytes. They are characterized by the presence of ten conserved cysteine residues in a protein having a molecular weight ranging from 12 kDa to 20 kDa, and are anchored to the plasma membrane with a GPI. Expression of several members of the Ly-6 family antigens has been reported in mouse mammary tumor cells. This includes MM antigen, 28) Ly-6A/E, 29) Ly-6C.1, 30) Ly-6E.1, 29, 30) and Ly-6G.1. 30) Katz et al. 29) reported that the expression of Ly-6A/E is associated with a highly malignant phenotype of mouse mammary tumor cells. In this study, we found that Ly-6D is expressed in both normal mammary epithelial cells and spontaneous mammary tumor cells of the mouse. Thus, no correlation was seen between malignancy and the expression of Ly-6D in mouse mammary epithelial cells.
The E48 antigen is the human homolog of mouse Ly-6D, and is expressed in squamous epithelia, transitional epithelia and their malignant counterparts. 24, 31) Thus, we examined whether or not MAb 2A2, the MAb against Ly-6D, recognizes the E48 antigen expressed on the surface of the human epidermoid carcinoma cell line, A431 cells. 31) The results of western blot analysis, however, suggested that MAb 2A2 did not cross-react with the E48 antigen (data not shown). The feasibility of radioimmunotherapy of head and neck squamous cell carcinoma (HNSCC) by using radiolabeled MAb E48 has been evaluated in preclinical and clinical studies. 32, 33) In preclinical studies, the ability of 131 I-labeled MAb E48 IgG to eradicate established HNSCC in nude mice was shown. In clinical studies, selective accumulation of MAb E48 IgG in HNSCC was shown. Quak et al. 31) reported that the E48 antigen was expressed in one of seven adenocarcinomas of the breast, but not expressed in the normal mammary gland. Since their report is the only publication describing the expression of the E48 antigen in the breast, we recently initiated screening for the expression of the E48 mRNA using a larger number of breast cancer samples.
In this study we have shown for the first time that Ly-6D is expressed on the surface of normal and neoplastic mammary epithelial cells of the mouse. The MAb against Ly-6D developed here will be useful as a marker for luminal epithelial cells for the study of mammary gland development, as well as for the study of mammary carcinogenesis. We are currently examining whether Ly-6D is also expressed in normal mammary epithelial cells during pregnancy, lactation and involution as well as in preneoplastic lesions and metastatic mammary carcinoma cells. Our preliminary observations suggested that the MAb against Ly-6D showed complement-dependent cytotoxicity on both normal and neoplastic mammary epithelial cells in vitro (data not shown). If killing of normal mammary epithelial cells by the MAb proves not to cause major adverse reactions in vivo, the MAb may find its usefulness in the treatment of breast cancer as long as it effectively kills cancer cells. This has to be clarified by further experiments in vivo.
